Abstract: This pper describes a fuzzy colour sensor implemented on a single 8OC196 micro-controller. This sensor is able to perform linguistic description of precise or imprecise measurements. First the theoretical foundations of fuzzy sensors are presented. Then the application to the description of colours is proposed.
Introduction
Introduced since several years,fuzzy symbolic sensors, also calleddfuzzy sensors, are intelligent sensors which are able to receive, to produce and to handle fuzzy symbolic information [ 11, [2] . So they can be used as perceptive organs for symbolic controllers like fuzzy controllers and fuzzy expert systems. Furthermore, this kind of Sensor can own the most advanced functionalities of intelligent sensors, like auto-adaptation and learning, by using artificial intelligence techniques as proposed in [31. Fuzzy sensors are specially useful to describe subjective information such as colour, smell, taste, danger, comfort and so on. They are able to reproduce human perception without any numerical model of the phenomenon. This paper is devoted to the perception of colour based on an acquisition with three transducers either considered as precise or imprecise.
Section 1 introduces the basic foundations of fuzzy sensors. Section 2 extends the basic definitions tc imprecise measurements. It starts from a crisp subsets approach. Then the links with the possibility and the necessity of fuzzy events are exhibited. Finally, section 4 presents the measurement principle for multi-dimensional spaces and its application to colour sensing.
Foundations of fuzzy sensors
Fuzzy symbolic sensors are based on the translation of information from a numerical representation to a symbolic one. To perform a symbolic measurement, it is necessary to clearly specify the relation between symbols and numbers. Let X be the universe of discourse associated with the measurement of a particular physical quantity. Denote x any element of X. In order to symbolically characterize any measurement over X, let L be a set of words, representative of the physical phenomenon. For example, the set L;=(Close, Medium. Fur) could be used to represent a distance. Denote 9 @ ' ) the set of the fuzzy subsets of a set E.
Introduce an injective mapping ' L : L + fix), called thefuzzy meaning of a symbol (see Zadeh [41) . It associates any symbol L of L with a fuzzy subset of X. Injectivity guarantees that two different symbols may not have the same meaning. In other words, two synonymous symbols have the same meaning. The fuzzy meaning of a symbol L is characterized, for all
Another mapping L : X + f l~) , called thefizzy description of a measurement over L associates any measurement of X with a fuzzy subset of symbols of & The fuzzy description of a measurement is characterized, for all L E 4X), by its membership function p, ( x ) (L). Any measurement that belongs to the meaning of a symbol, can obviously be symbolically described at least by this symbol. Therefore. the description of a measurement is linked to the meaning of a symbol by the following relation: 
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of discourse for the measurement of distances. The fuzzy meanings of Close, Medium, and Far are represented by the membership functions (see Fig. 1 
2.1) Link with the distribution of possibility
Let us start with an example. What could be the exact numerical value of a distance knowing that this distance is medium? From the crisp set point of view, the answer is the following: 8 belongs to a subset of possible values such that each value is at least described by the symbol Medium. Formally we have:
NOW, when the description is fuzzy, the answer becomes: 0 belongs to a fuzzy subset of possible values. Each possible value x is characterized by its grade of membership which can be interpreted as the degree of possibility that x is the measurement knowing that the distance is Medium. A mapping : X + [0, 13, called the distribution of possibility.
can be defined by:
By using Eq. (1) we obtain:
We clearly recover Zadeh's proposal to link fuzzy subsets to possibility distributions [51.
Fuzzy descriptions of fuzzy subsets
The aim of this section is to present formally the fuzzy descriptions when the measurement is itself a fuzzy subset. First, the problem is presented within the framework of usual set theory. Therefore, the crisp descriptions of crisp subsets are defined. Then these definitions are extended to the fuzzy description of fuzzy subsets. Finally, they are linked to the possibility and the necessity of fuzzy events.
3.1) Crisp descriptions of crisp subsets
The measurement is now a crisp subset A of X. A family ( L ( x ) )~~A of crisp subsets of L may be obtained from the description of each element of A. On the first hand, the least upper bound of the family (i.e. the supremum) is the subset of all the symbols that may describe any element in A. On the other hand, the greatest lower bound of the family (i.e. the infinimum) is the subset of common symbols that describes any element in A.
The supremum of the family, denoted as L+(A), is called the upper description of the subset A. It is defined by:
The infinimum of the family, denoted L-(A), is called the lower description of the subset A. It is defined by:
Dubois and hade 261 proposed a similar approach by considering a relation on X x L defined by its graph rather than as a mapping from X to 4~) .
By using their formalism, the description of a subset is reduced to the upper or lower image of the subset of X x L induced by the relation. Remember the characteristic function of a subset A of a set X is a mapping A. By using the characteristic function. equations (5) and (6) can be respeCtiVery rewritten as:
To prepare the extension to the fuzzy case, Eq. (7) and (8) can be expressed according to the characteristic function of the subset A. Letfand g be two mapping from (0.1) x ( 0 , l ) to (0.1). Eq. (7) and (8) become:
Properties off and g must be:
V 
According to their respective propertiesfis a conjunction and g is an implication.
3.2) Fuzzy description of fuzzy subsets
The extension to the fuzzy description of crisp subsets comes straightforwardly. First, we have to consider fuzzy operators instead of crisp ones. Therefore conjunctions will be characterized by triangular norms, disjunction by triangular conorms and implications will be extended to fuzzy implications. They will be respectively denoted T, I and =. Then, the fuzzy description and the membership function of the fuzzy subset will be used instead of the crisp description and the characteristic function. Assuming A is a fuzzy subset of X, the upper description and the lower description of A is given by the following equations.
3.3) Links with the possibility and the necessity of fuzzy events
The possibility and the necessity of a fuzzy event were introduced by Zadeh [5]. It allows to find solutions to problems such as: knowing the distance is medium, what is the possibility for the distance to be about lkm? The fuzzy event is here "about 12 cm". The knowledge "the distance is medium" is represented by a distribution of possibility.
According to Zadeh, the possibility of a fuzzy event A, knowing the distribution of possibility IC is given by E Q (17).
This equation lets clearly appear the aggregation, by means of the triangular nom min, between the grade of membership of the event A and the degree of possibility. When some ambiguity may occur, we will explicitly specify the distribution of possibility. Therefore, II(A,z) will denote the possibility of event A knowing the distribution of possibility IC (see [7] for an equivalent notation).
The necessity, or certainty, is a dual notion of the possibility. An event will be considered as certain if and only if its contrary is impossible. The necessity of the event A is then easily deduced from the possibility of the opposed event, -4, that is:
Using the definition of the possibility of a fuzzy event given in (17), we finally obtain:
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Let us now come back to the definitions of the inferior and superior fuzzy interpretations of fuzzy events. By using the operator min as T-norm and the operator M(U: as T-conorm, equation (15) may be rewritten as:
From the equivalence between the meaning and the description (equation (l)), we deduce:
Whenvise formulated by using definition (17) as:
The grade of membership of any symbol L to the upper description of the fuzzy measurement A is the possibility of the meaning of L, knowing the fuzzy measurement A. Provided it is normalized, the fuzzy measurement is the distribution of possibility.
Using the same approach, the lower description of a fuzzy measurement can be described in terms of the necessity of the meaning of L, knowing the fuzzy measurement A.
Finally, upper and lower descriptions provide an efficient way for obtaining an interval of the degree of compatibility between the measurement with any symbol, that is, for determining the best symbols characterizing a fuzzy measurement as proposed in [8]. Upper and lower descriptions are implemented in the fuzzy colour sensor described in the next section.
Description of colours
4.1) Introduction
Human beings perceive electromagnetic light beams by four types of photochemical transducers: three cones for day vision and one rod for night vision. The photometric sensors give back information in relation to the received energy. The sensation of colour is generated by the different spectral sensitivities of the cones. The "blue" cones detect short wavelength, whereas the "green" and "red" cones detect respectively medium and long wavelengths.
The artificial sensing (for example the video camera) is based on three photometric transducers that recreate the effects of-red, green and blue cones. The responses of the detectors are normalized between 0 and 1, and then the colour space is simply a unit cube (R,G,B). During a colour description in the common language, the luminosity is usually expressed separately. For example we can say "pale blue" or "dark red". In order to introduce this knowledge in the sensor, a non linear mapping is applied on the RGB cube:
Then, luminance and chrominance can be described separately. The measurement set of the luminance is monodimensional, and its description is not developed in this paper. The measurement set of the chrominance is twodimensional, it is called the Chrominance plane of colour and it is used as the measurement set.
4.2) Partition of multidimensional spaces
A fuzzy sensor can be used to symbolically describe a measurement characterized by its three coordinates r , g, b. This fig. 2) . In both cases, the fuzzy description of the measurement is based on a partitioning of the chrominance plane using Delaunay's triangulation method. Let us present the method used to build fuzzy meanings under a multidimensional measurement set. Let Z be a ndimensional measurement set. Let V be a small subset V of T. such that the description of any element of V is known and precise. Then the measurement set is partitioned in n-simplexes with the Delaunay's triangulation method. A nsimplex in a n-dimensional space is a polyhedra with n+l vertices, The points used to perform the triangulation are the elements of the set V.
The membership function of the meaning of each symbol is defined on each n-simplex by a multi-linear interpolation.
The restriction on a n-simplex of the membership function of the meaning of a symbol s is:
Since the value of this function is known for the n+l vertices of the n-simplex, the n+l factors ai can be calculated as follows, where vi is the i* vertex of the n-simplex, and xi. is its j* component.
This process is performed on each n-simplex and for each symbol. Then the fuzzy meaning of each symbol is defined on E.
The knowledge needed for the configuration of the sensor is very compact. As mentioned before, our method does not take into account all information on the human perception of colour. Missing information are introduced by learning with an operator. He indicates either new symbols and their associated characteristic measurements or extend the meaning of existing symbols to a larger domain in the chrominance colour space.
An example is provided in fig. 3 . The initial knowledge is represented by seven crisp points in the chrominance plane which are respectively associated with a colour. Fig. 3 .a shows Delaunay's triangulation associated with the initial howledge. Figure 3 .b shows the result of the learning with the operator. Three crisp points have been introduced to extend the definition of the following existing colours (Red, Green, Blue). These new points correspond to the human perception of these colours with the respect to the analysed surface. One point has been introduced to define a new symbol Orange which corresponds to the operator knowledge. This new symbol was not included in the initial knowledge of the fuzzy sensor. 
Conclusion
This paper has presented a fuzzy colour sensor based on linguistic description of the chrominance of a surface. The interpolative method used to create the meaning of symbols allows the configuration of this sensor without any numerical model of the perceptive process. If a human or a system is able to describe a colour, then this sensor is able to reproduce this perception based on a small set of examples. The upper and lower descriptions allows the management of imprecise measurements. They can be used to compare several measurement, to extract a more precise description or to compute information about the quality of the sensor. Fuzzy expert systems or a fuzzy controllers can be directly interfaced with fuzzy sensors. Therefore subjective perceptions such as colour, smell or comfort can be used in control systems.
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